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1. Introduction {#advs1049-sec-0010}
===============

Hepatocellular carcinoma (HCC) is the sixth most commonly diagnosed cancer and the fourth leading cause of cancer death worldwide, primarily due to its high incidence and occurrence of recurrence and metastasis.[1](#advs1049-bib-0001){ref-type="ref"} Surgical resection, liver transplantation, and local ablation are possibly beneficial only in early stage patients and are still associated with 5‐year mortality rates of 20--40% (resection) and 30--60% (ablation).[2](#advs1049-bib-0002){ref-type="ref"}, [3](#advs1049-bib-0003){ref-type="ref"}, [4](#advs1049-bib-0004){ref-type="ref"} As a result, tumor recurrence is common and endangers the overall survival of HCC patients. Moreover, the treatment of patients with advanced HCC is facing more challenges, and the 5‐year survival rate is even lower. Accordingly, the overall prognosis of HCC after traditional surgical therapies remains disappointing, and inhibition of recurrence and metastasis of HCC via adjuvant treatments has been the focus of clinical research in the last decade. Currently, there is no standard of care for existing adjuvant therapy, because no therapy has a proven benefit in patients with HCC after potentially curative treatment.[5](#advs1049-bib-0005){ref-type="ref"}, [6](#advs1049-bib-0006){ref-type="ref"} The antiangiogenic drug sorafenib, which is a representative of adjuvant treatments, has been the most widely studied and most promising treatment in this setting and may provide a better therapeutic effect. However, this drug failed to show any benefit in the adjuvant setting for HCC in a large clinical trial called STROM.[7](#advs1049-bib-0007){ref-type="ref"}

Although most adjuvant treatments have failed to demonstrate efficacy in HCC, a hopeful strategy for healing HCC is to inhibit specific oncogenes using small noncoding RNAs, such as small interfering RNAs (siRNAs) and microRNAs (miRNAs). This approach is currently under investigation in several clinical trials for cancer treatment.[8](#advs1049-bib-0008){ref-type="ref"} In contrast to siRNAs, which target a specific gene, miRNAs regulate hundreds of mRNA targets simultaneously and accordingly represent an even more appealing tool for cancer therapy.[9](#advs1049-bib-0009){ref-type="ref"}, [10](#advs1049-bib-0010){ref-type="ref"} miRNAs have been shown to exhibit impaired expression in various malignant cancers, including HCC, and are involved in HCC recurrence and metastasis through regulation of the epithelial--mesenchymal transition (EMT) and stemness characteristics of hepatoma cells.[11](#advs1049-bib-0011){ref-type="ref"} Restoration of the expression of tumor suppressor miRNAs normalizes cellular homeostasis and improves therapeutic response of cancer cells.[12](#advs1049-bib-0012){ref-type="ref"}, [13](#advs1049-bib-0013){ref-type="ref"} Restricted previous studies showed that microRNA (miR)‐125b‐5p might be associated with clinicopathological features involved in the recurrence and metastasis of HCC and was probably dysregulated in HCC tissues[14](#advs1049-bib-0014){ref-type="ref"} and patient sera.[15](#advs1049-bib-0015){ref-type="ref"} Moreover, it was reported that miR‐125b‐5p could inhibit proliferation and metastasis in vitro in breast cancer[16](#advs1049-bib-0016){ref-type="ref"} and laryngeal cancer.[17](#advs1049-bib-0017){ref-type="ref"} These findings suggest that miR‐125b‐5p can be used as a candidate drug for HCC treatment following efficient transport into hepatoma cells in vivo.

Despite the low in vivo stability, low cytomembrane permeability, and nonspecific tissue distributions of miRNAs, researchers have studied ideal methods to transport them into target cancer cells with various delivery systems, including nanostructured carriers, and have achieved significant progress.[18](#advs1049-bib-0018){ref-type="ref"} Our previous study[19](#advs1049-bib-0019){ref-type="ref"} showed that folate acid (Fa)‐conjugated nanocarrier Fa‐polyethyleneglycol (PEG)‐g‐polyetherimide (PEI)‐superparamagnetic iron oxide nanoparticles (SPION) were an ideal low‐toxicity candidate vehicle for direct gene delivery to HCC cells in vivo. Simultaneous use of the so‐called theranostic strategy to regulate oncogene expression in vivo in an easily trackable manner is possible with noninvasive imaging tools, such as magnetic resonance imaging (MRI). Therefore, Fa‐PEG‐g‐PEI‐SPION (FaPPS) loaded with miR‐125b‐5p could be a potential nanomedicine for inhibiting HCC in vivo.

This study first explored the quantity of miR‐125b‐5p in clinical HCC specimens and its relationship with clinicopathological features. Then, the function and mechanism of miR‐125b‐5p in inhibiting the EMT and cancer stem cells (CSC) of hepatoma cells were studied in vitro. Ultimately, a nanomedicine for in vivo treatment was constructed by loading miR‐125b‐5p onto an Fa‐targeted nanocarrier. The in vivo distribution of nanomedicines was monitored by MRI, and the inhibitory effects of nanomedicines on the EMT and stemness were studied in orthotopic liver HCC and subcutaneous transplantation HCC models.

2. Results {#advs1049-sec-0020}
==========

2.1. miR‐125b‐5p is Downregulated in HCC and Negatively Correlated with Progression {#advs1049-sec-0030}
-----------------------------------------------------------------------------------

miR‐125b‐5p expression in various human hepatoma cell lines, including HCCLM3, Hep3B, HepG2, SK‐Hep1, HLE, HUH7, SMMC‐7721, PLC/PRF/5, HLF, and BEL7402, and in a human hepatocyte cell line (L02) was measured by real‐time polymerase chain reaction (RT‐PCR). The results revealed that miR‐125b‐5p was significantly repressed in HCC cells compared to that in L02 cells (**Figure** [**1**](#advs1049-fig-0001){ref-type="fig"}A). Next, miR‐125b‐5p expression was examined in 64 pairs of HCC tumor (T) and adjacent nontumor (ANT) tissues. The RT‐PCR analysis showed that miR‐125b‐5p expression was significantly lower in the tumor tissues than in the ANT tissues (*P* \< 0.01, Figure [1](#advs1049-fig-0001){ref-type="fig"}B). Moreover, we compared the average miR‐125b‐5p expression levels in the positive and negative T/ANT groups in terms of metastasis, vascular invasion, encapsulation, and multiple tumor numbers. The average miR‐125b‐5p expression ratio was significantly lower in the positive group than in the negative group for metastasis, vascular invasion, and multiple tumor numbers but was significantly higher for encapsulation (*P* \< 0.01, Figure [1](#advs1049-fig-0001){ref-type="fig"}C).

![miR‐125b‐5p was downregulated in HCC cell lines and correlated with metastasis‐associated clinicopathological characteristics of HCC patients. A) miR‐125b‐5p expression in ten human HCC cell lines (HCCLM3, Hep3B, HepG2, SK‐Hep1, HLE, HUH7, SMMC‐7721, PLC/PRF/5, HLF, and BEL7402) was lower than that in the hepatic cell line L02 as determined by the RT‐PCR assay. The expression levels were normalized to the L02 expression level. B) RT‐PCR analysis showed that miR‐125b‐5p expression was significantly lower in 64 pairs of HCC tumor (T) tissues than in adjacent nontumor (ANT) tissues. C) Clinicopathological analysis revealed that the average miR‐125b‐5p T/ANT expression ratio of patients was significantly positively correlated with metastasis, vascular invasion, and multiple tumor numbers but was negatively correlated with tumor encapsulation. D) RT‐PCR analysis of miR‐125b‐5p expression in the indicated stable cell lines. The expression levels were normalized to the expression level of the Blank Control cells. Each bar represents the mean ± SD of three independent experiments. Each experiment was repeated three times. (*n* = 3, \**P* \< 0.01).](ADVS-6-1801885-g001){#advs1049-fig-0001}

2.2. miR‐125b‐5p Inhibits HCC Invasion and Migration, the EMT, and Stemness in vitro {#advs1049-sec-0040}
------------------------------------------------------------------------------------

Considering the above findings, we explored the biological significance and mechanisms of miR‐125b‐5p in HCC tumorigenesis by transducing HCCLM3 and HUH7 cells with retroviral constructs to establish stable miR‐125b‐5p‐overexpressing cell lines. The RT‐PCR analysis showed successful construction of the stable cell lines (*P* \< 0.01, Figure [1](#advs1049-fig-0001){ref-type="fig"}D). Then, wound healing migration and Matrigel‐coated Transwell invasion assays were performed. The data showed that compared to that of the control cells, miR‐125b‐5p dramatically inhibited the wound closure rate in both the HCCLM3 and Huh7 hepatoma cells (**Figure** [**2**](#advs1049-fig-0002){ref-type="fig"}A, *P* \< 0.01). The Matrigel‐coated Transwell assays demonstrated that miR‐125b‐5p significantly impaired the invasion ability of the HCC cells (Figure [2](#advs1049-fig-0002){ref-type="fig"}A, *P* \< 0.01). Furthermore, a human umbilical vein endothelial cell (HUVEC) tube formation assay was employed to determine whether miR‐125b‐5p affected tumor angiogenesis. As shown in Figure [2](#advs1049-fig-0002){ref-type="fig"}A, conditioned medium from miR‐125b‐5p‐overexpressing hepatoma cells had a weak tube formation induction effect on the HUVECs (*P* \< 0.01).

![miR‐125b‐5p suppresses the EMT and stemness of HCC in vitro. A) The in vitro migration, invasiveness, and angiogenesis potential of HCC cells were accessed by the wound healing assay, Matrigel‐coated Transwell assay and human umbilical vein endothelial cell (HUVEC) tube formation assay, respectively. The migration, invasiveness, and angiogenesis potential of the miR‐125b‐5p‐overexpressing HCC cells were suppressed compared with those of the control groups. B) The RT‐PCR assay showed the mRNA expression levels of epithelial markers (E‐cadherin and α‐Catenin), mesenchymal markers (Vimentin, Fibronectin, MMP2, MMP9, SNAIL, and SLUG), and cancer stem cells (CSC) markers (NANOG and OCT4) in the indicated groups. The expression levels were normalized to the expression levels of the Blank Control cells. The pseudocolour represents the intensity scale for indicated groups calculated by log~2~ transformation (see also Figure S1A of the Supporting Information). C) Western blotting assay showing the protein expression levels of epithelial--mesenchymal transition (EMT) markers and CSC markers in the indicated groups. The epithelial markers were upregulated, whereas the mesenchymal markers and CSC markers were downregulated in the miR‐125b‐5p group compared with those of the control groups. D) The in vitro proportion and self‐renewal properties of CSC were detected by the flow cytometry side population cell assay (see also Figure S1B,C of the Supporting Information) and tumor sphere formation assay, respectively. The in vitro CSC proportions and sphere volume/count of the miR‐125b‐5p group HCC cells were suppressed compared with those of the control groups. All values are shown as the mean ± SD. Each experiment was repeated three times. (*n* = 3, \**P* \< 0.01).](ADVS-6-1801885-g002){#advs1049-fig-0002}

Migration, invasiveness, and angiogenesis functions were reported to be positively correlated with the tumor EMT process.[20](#advs1049-bib-0020){ref-type="ref"}, [21](#advs1049-bib-0021){ref-type="ref"} Therefore, we explored the expression levels of EMT markers in each group of hepatoma cells. The RT‐PCR and western blotting assays showed that epithelial markers, including E‐cadherin and α‐Catenin, were upregulated in the miR‐125b‐5p group compared with the levels in the control groups. However, mesenchymal markers, including Vimentin and Fibronectin, were suppressed in the miR‐125b‐5p group hepatoma cells. Moreover, the expression of MMP2, MMP9, SNAIL, and SLUG, which were important for enhancing invasion and promoting EMT program, were all inhibited by miR‐125b‐5p (*P* \< 0.01, Figure [2](#advs1049-fig-0002){ref-type="fig"}B,C; Figure S1A, Supporting Information).

Previous studies have demonstrated that the EMT process in cancer cells can be promoted by the activity of CSC.[22](#advs1049-bib-0022){ref-type="ref"}, [23](#advs1049-bib-0023){ref-type="ref"} Therefore, we examined the effect of miR‐125b‐5p on the stemness of liver cancer cells to investigate the biological mechanisms that inhibit invasion, migration, and angiogenesis. To clarify the functions of miR‐125b‐5p in liver CSC, we examined the percentage of side population cells in hepatoma cells to denote the proportion of CSC.[24](#advs1049-bib-0024){ref-type="ref"} The proportion of CSC was obviously decreased in the miR‐125b‐5p‐overexpressing HCCLM3 and HUH7 cells, respectively (*P* \< 0.01, Figure [2](#advs1049-fig-0002){ref-type="fig"}D; Figure S1B,C, Supporting Information). The influence of miR‐125b‐5p overexpression on the self‐renewal property of CSC was investigated using the tumor sphere formation assay. Notably, miR‐125b‐5p‐overexpressing HCCLM3 or HUH7 cells exhibited reduced sphere number and decreased cell content per sphere compared with the spheres formed by the Blank Control cells (*P* \< 0.01, Figure [2](#advs1049-fig-0002){ref-type="fig"}D). The sphere volume and cell content in the Negative Control groups did not change, because the Negative Control microRNAs lacked an miR‐125b‐5p quantity regulation function (Figure [1](#advs1049-fig-0001){ref-type="fig"}D, *P* \< 0.01). Furthermore, RT‐PCR and western blotting assay revealed that CSC markers, including NANOG and OCT4, were decreased in the miR‐125b‐5p‐overexpressing hepatoma cells compared with the levels in the Negative and Blank Control cells (*P* \< 0.01, Figure [2](#advs1049-fig-0002){ref-type="fig"}B and C; Figure S1A, Supporting Information).

2.3. miR‐125b‐5p Directly Targets STAT3 in Hepatoma Cells {#advs1049-sec-0050}
---------------------------------------------------------

The abovementioned inhibitory effect of miR‐125b‐5p on the EMT and CSC urged us to further explore its therapeutic mechanism in hepatoma cells. miRNAs bind the 3′ untranslated regions (3′UTRs) of mRNAs and inhibit the expression of target proteins.[25](#advs1049-bib-0025){ref-type="ref"}, [26](#advs1049-bib-0026){ref-type="ref"} We searched public databases for candidate targets of miR‐125b‐5p. Complementary sequences of miR‐125b‐5p were discovered in the 3′UTR of the signal transducer and activator of transcription 3 (STAT3) mRNA using three most‐used publicly available algorithms, including TargetScan (targetscan.org), PicTar (picta.org), and miRanda (microRNA.org) (**Figure** [**3**](#advs1049-fig-0003){ref-type="fig"}A). The RT‐PCR and western blotting assays revealed that STAT3 expression was significantly downregulated in the miR‐125b‐5p‐overexpressing cells compared to that in the Negative and Blank Control groups (Figure [3](#advs1049-fig-0003){ref-type="fig"}B,C, *P* \< 0.01). Consistent with previously available reports, Sirt7[27](#advs1049-bib-0027){ref-type="ref"}, [28](#advs1049-bib-0028){ref-type="ref"} and MMP11,[29](#advs1049-bib-0029){ref-type="ref"} direct targets of miR‐125b‐5p, were also downregulated by miR‐125b‐5p in HCCLM3 and HUH7 cells. However the expression of another reported target, c‐Raf,[30](#advs1049-bib-0030){ref-type="ref"} did not get affected by miR‐125b‐5p (Figure S2, Supporting Information). To examine whether miR‐125b‐5p directly bound to the STAT3 3′UTR, dual‐luciferase reporter gene assays were performed. As shown in Figure [3](#advs1049-fig-0003){ref-type="fig"}D, miR‐125b‐5p overexpression in HCCLM3 and HUH7 cells significantly suppressed the luciferase activity of the wild type (WT) STAT3 3′UTR but not the mutated (MUT)‐STAT3 3′UTR (with miR‐125b‐5p targeting site mutated as shown in Figure [3](#advs1049-fig-0003){ref-type="fig"}A) (*P* \< 0.01). Finally, a STAT3 eukaryotic expression plasmid rescue experiment was performed to verify the role of miR‐125b‐5p in inhibition of STAT3 expression. The STAT3 and miR‐125b‐5p plasmids were cotransfected into HCCLM3 and HUH7 cells. Then, the RT‐PCR and western blotting assays revealed that the STAT3 mRNA and protein expression levels were significantly downregulated in the miR‐125b‐5p‐overexpressing cells not transfected with the STAT3 plasmid. However, due to WT‐3′UTR independent ectopic STAT3 expression from the STAT3 plasmid, the quantity of STAT3 in the miR‐125b‐5p‐overexpressing cells was significantly reloaded (Figure [3](#advs1049-fig-0003){ref-type="fig"}E,F, *P* \< 0.01). Taken together, the data from both HCC cell lines suggest that STAT3 is a direct downstream target of miR‐125b‐5p in HCC.

![miR‐125b‐5p directly targets STAT3 in hepatoma cells. A) Predicted miR‐125b‐5p direct target sequences in the wild type (WT) 3′‐untranslated region (UTR) of signal transducer and activator of transcription 3 (STAT3) (WT‐STAT3‐3′ UTR) and designed mutant (MUT) nucleotide sequence in the MUT‐STAT3‐3′UTR. B) RT‐PCR assay showing the mRNA expression level of STAT3 in the indicated groups. The expression levels were normalized to the expression level of the Blank Control cells. C) Western blotting assay showing the STAT3 protein expression level. The STAT3 expression level was downregulated in the miR‐125b‐5p group compared with that of the control groups. D) Overexpression of miR‐125b‐5p significantly suppressed the luciferase activity of the WT‐STAT3‐3′UTR in HCC cells, whereas miR‐125b‐5p did not influence the luciferase activity of the MUT‐STAT3‐3′UTR. The expression levels were normalized to the expression level of the (Negative Control) NC‐miR/WT‐STAT3‐3′UTR cotransfected cells. E) RT‐PCR assay showing the STAT3 mRNA expression level in the indicated groups. The expression levels were normalized to the expression level in the miR‐125b‐5p (--)/STAT3 (--) cells. F) Western blotting assay showing the STAT3 protein expression level in the indicated groups. The STAT3 expression level was downregulated by miR‐125b‐5p overexpression but rescued by STAT3 ectopic plasmid transfection. All experiments were performed in triplicate, and the data from each group are presented as the mean ± SD. Each experiment was repeated three times. (*n* = 3, \**P* \< 0.01).](ADVS-6-1801885-g003){#advs1049-fig-0003}

2.4. miR‐125b‐5p Suppresses the EMT and CSC of HCC via Targeting STAT3 {#advs1049-sec-0060}
----------------------------------------------------------------------

Although STAT3 has been shown to be a direct target protein of miR‐125b‐5p in hepatoma cells, its position in the aforementioned therapeutic effect requires a more precise and independent identification process. To verify that the tumor suppressive roles of miR‐125b‐5p in liver cancer were achieved via inhibiting STAT3, we introduced a STAT3 eukaryotic expression plasmid into HCCLM3 and HUH7 cells to induce WT‐STAT3‐3′UTR independent ectopic STAT3 expression. The wound healing assay results demonstrated that reintroducing STAT3 almost entirely reversed the suppressive effect of miR‐125b‐5p in the cotransfected group (**Figure** [**4**](#advs1049-fig-0004){ref-type="fig"}A, *P* \< 0.01). This result was also demonstrated in the Matrigel‐coated Transwell invasion and HUVEC tube formation assays, because rescue of STAT3 expression led to an almost complete reversion of the number of invaded cells and tubular structures in the HUVECs in the miR‐125b‐5p and STAT3 cotransfected group (Figure [4](#advs1049-fig-0004){ref-type="fig"}A, *P* \< 0.01). EMT‐related markers were analyzed by RT‐PCR assay and western blotting assay, which revealed that E‐cadherin and α‐Catenin were reloaded in the miR‐125b‐5p‐overexpressing cells in a manner that was reversed by STAT3 overexpression. Additionally, miR‐125b‐5p suppressed Vimentin, Fibronectin, MMP2, MMP9, SNAIL, and SLUG expression in the HCCLM3 and HUH7 cells when STAT3 expression was inhibited but not when STAT3 expression was resumed in the cotransfected group (*P* \< 0.01, Figure [4](#advs1049-fig-0004){ref-type="fig"}B,C; Figure S3A, Supporting Information). Furthermore, rescue of STAT3 expression in the miR‐125b‐5p cotransfected cells recovered virtually all of the CSC, as indicated by the resu med proportion and tumor sphere formation potency (Figure [4](#advs1049-fig-0004){ref-type="fig"}D; Figure S3B,C, Supporting Information). Reload of the stemness‐associated markers NANOG and OCT4 was also verified in the miR‐125b‐5p/STAT3 eukaryotic expression plasmid cotransfected group (Figure [4](#advs1049-fig-0004){ref-type="fig"}B,C, *P* \< 0.01).

![Suppressive effects of miR‐125b‐5p on hepatoma cells depend on direct inhibition of STAT3 and can be antagonized by ectopic STAT3 expression. A) The in vitro migration, invasiveness, and angiogenesis potential of HCC cells was accessed using the wound healing assay, Matrigel‐coated Transwell assay, and HUVEC tube formation assay, respectively, in the indicated groups. The inhibitory effects of miR‐125b‐5p on the migration, invasiveness, and angiogenesis potential were significantly antagonized in the exogenous STAT3 plasmid cotransfected group compared with those of the miR‐125b‐5p‐transfected alone group. B) RT‐PCR assay showing the mRNA expression levels of epithelial markers (E‐cadherin and α‐Catenin), mesenchymal markers (Vimentin, Fibronectin, MMP2, MMP9, SNAIL, and SLUG) and CSC markers (NANOG and OCT4) in the indicated groups. The expression levels were normalized to the expression level of the nontransfected miR‐125b‐5p (‐) / STAT3 (‐) cells (see also Figure S3A of the Supporting Information). The pseudocolour represents the intensity scale for indicated groups, calculated by log~2~ transformation. C) Western blotting assay showing the protein expression levels of EMT markers and CSC markers in the indicated groups. The regulatory effects of miR‐125b‐5p on the EMT and CSC were obviously weakened by the effect of STAT3 ectopic expression. D) The in vitro proportion and self‐renewal property of HCC CSC were detected by the flow cytometry side population cell assay (see also Figure S3B,C of the Supporting Information) and tumor sphere formation assay, respectively. The inhibitory effect of miR‐125b‐5p on stemness was significantly weakened by the increase in STAT3 ectopic expression caused by exogenous plasmid transfection. All values are shown as the mean ± SD of triplicate samples. The experiments were repeated three times. (*n* = 3, \**P* \< 0.01).](ADVS-6-1801885-g004){#advs1049-fig-0004}

Briefly, since ectopic STAT3 protein expression almost entirely antagonized the HCC suppressive effect of miR‐125b‐5p, then miR‐125b‐5p was definitely proven to suppress the EMT and CSC in vitro in a manner that depended on direct targeting of STAT3. The miR‐125b‐5p/STAT3 axis regulates the EMT and CSC potential in HCC cells, which may become a therapeutic target for HCC.

2.5. miR‐125b‐5p/STAT3 Axis Regulates the wnt/β‐catenin Pathway in Hepatoma Cells {#advs1049-sec-0070}
---------------------------------------------------------------------------------

The interesting conclusions described above allowed us to develop a drug that suppressed the EMT and CSC through the miR‐125b‐5p/STAT3 axis for HCC treatment in vivo. However, first we needed to clarify the potential signaling pathways through which the miR‐125b‐5p/STAT3 axis regulated the EMT and CSC in hepatoma cells. STAT3 has been reported to have different effects on the wnt/β--Catenin signaling pathway in various types of human cancers, but its relations with HCC is unclear.[31](#advs1049-bib-0031){ref-type="ref"} Only one preliminary study reported that STAT3 might regulate β‐Catenin protein expression in HCC; however, that study was limited to suggesting relative changes in protein quantities in vitro and did not suggest definitive conclusions and mechanisms.[32](#advs1049-bib-0032){ref-type="ref"} To further investigate the potential regulatory effects of the miR‐125b‐5p/STAT3 axis on the transcriptional activity of the wnt/β‐Catenin pathway, we performed a TOP/FOP dual‐luciferase reporter assay. The luciferase experiments showed that the wnt/β‐Catenin pathway activity was significantly lower in the miR‐125b‐5p group than that in the control groups (**Figure** [**5**](#advs1049-fig-0005){ref-type="fig"}A, *P* \< 0.01). This result indicated that miR‐125b‐5p influenced wnt/β‐Catenin signaling pathway activity through several steps. Then, we conducted an immunoprecipitation assay (IP) to investigate whether STAT3 was the key protein through which miR‐125b‐5p controlled β‐Catenin activity. The results showed that the STAT3 interacts with the β‐Catenin in HCCLM3 and HUH7 cells (Figure [5](#advs1049-fig-0005){ref-type="fig"}B). The western blotting experiments showed that when the STAT3 content was decreased in the miR‐125b‐5p group, total β‐Catenin and nuclear β‐Catenin expression were decreased significantly but the phosphorylated β‐Catenin was increased. Thus, when intracellular STAT3 was reduced, more β‐Catenin was phosphorylated and then subjected to proteolysis. Subsequently, the total intracellular β‐Catenin content decreased and the amount of β‐Catenin that could enter the nucleus decreased significantly, resulting in an eventual decrease in wnt/β‐Catenin signal pathway activity (Figure [5](#advs1049-fig-0005){ref-type="fig"}C). After clarifying the therapeutic effect and mechanism of miR‐125b‐5p in HCC, we used the Fa‐PEG‐*g*‐PEI‐SPION (FaPPS) nucleic acid nanocarrier to deliver this microRNA into hepatoma cells to assess the in vivo therapeutic effect. We hypothesized that the Fa‐targeted nanocarrier would help miR‐125b‐5p enter hepatoma cells and inhibit the potential of the EMT and CSC in vivo (Figure [5](#advs1049-fig-0005){ref-type="fig"}D).

![miR‐125b‐5p/STAT3 axis affects the wnt/β‐catenin pathway in hepatoma cells. A) The TOP/FOP flash dual luciferase reporter assay was performed to investigate the potential regulatory effects of miR‐125b‐5p on the transcriptional activity of β‐catenin. Luciferase activity was measured 48 h after transfection and normalized. The luciferase activity of the Blank Control cells was set as 1.0. Overexpression of miR‐125b‐5p eventually suppressed the luciferase activity of β‐Catenin in HCC cells. All experiments were performed in triplicate, and the data from each group are presented as the mean ± SD. (*n* = 3, \**P* \< 0.01). B) HCC cells were transfected with the flag‐STAT3 and HA‐β‐catenin vectors to investigate the protein interactions between STAT3 and β‐catenin. Immunoprecipitation assay confirming the interaction between STAT3 and β‐catenin. C) Western blotting assay showing the total β‐Catenin, nuclear‐β‐Catenin, and phospho‐β‐Catenin protein expression levels. Total β‐Catenin and nuclear‐β‐Catenin were downregulated, whereas phospho‐β‐Catenin was upregulated by reduction of STAT3 in the miR‐125b‐5p group. D) A schematic diagram of the process by which the MRI‐visible nanomedicine identifies the folate receptor internalized by HCC cells and then produces an HCC‐specific therapeutic effect.](ADVS-6-1801885-g005){#advs1049-fig-0005}

2.6. Effective Recognition, Visualization, and Gene Transmission for Hepatoma Nodes Via Theranostic Nanomedicine {#advs1049-sec-0080}
----------------------------------------------------------------------------------------------------------------

Since the folate‐conjugated nanomedicines used in this study contained the MRI T2 contrast agent SPIONs, visualizing the distribution process with noninvasive MRI scans was easy both in vitro and in vivo. The MRI visible nanocarrier FaPPS can intelligently recognize the folate receptor of hepatoma cells. Recognition of hepatoma cells is achieved by folate conjugated on its surface. We hoped to demonstrate that the specific in vivo distribution of miR‐125b‐5p into HCC cells could be protected by this nanocarrier prior to the folate receptor‐mediated endocytosis process (Figure [5](#advs1049-fig-0005){ref-type="fig"}D).

First, in vitro MRI scanning was used to verify the ability of the nanocarrier to recognize hepatoma cells and promote endocytosis while carrying different plasmids. Plasmids containing miR‐125b‐5p or a Negative Control (NC) miR were loaded onto the FaPPS nanocarrier and transfected into HCC cells in the miR‐125b‐5p or NC groups, respectively. The nanocarrier concentration was quantified by the concentration of the contained iron. Hepatoma cells treated with phosphate buffer saline (PBS) were used as the Blank Control group. Compared with that of the Blank Control group, the MRI T2 signal intensities of the HCCLM3 and HUH7 cells decreased, as expected, after 1 h of culture with the SPION‐containing nanomedicine accompanied by an increase in the Fe concentration of the nanomedicine in the miR‐125b‐5p and NC groups. The MRI T2 signal intensity at the 40 µg Fe mL^−1^ concentration was lower than those at the 20 and 0 µg Fe mL^−1^ concentrations. No signal change was observed in the Blank Control group due to the absence of transfection with SPION‐containing nanocarriers (**Figure** [**6**](#advs1049-fig-0006){ref-type="fig"}A). Plasmids are not visible in the MRI scan, and thus the MRI can only trace the distribution of nanocarriers. We used a fluorescence staining assay to observe whether the plasmids could endocytose into hepatoma cells with the nanocarrier. After culture with the nanomedicine for 1 h, in situ laser confocal microscopy analysis highlighted red (plasmid) and green (nanocarrier) fluorescence in the HCCLM3 and HUH7 cells in the miR‐125b‐5p and NC groups but not in the Blank Control group. These results confirmed that the miR‐125b‐5p and NC miR plasmids were transported successfully into the cytoplasm of HCCLM3 and HUH7 cells accompanied by the folate‐conjugated nanocarrier (Figure [6](#advs1049-fig-0006){ref-type="fig"}B). These in vitro appearances demonstrated that FaPPS basal nanomedicines could bind and induce endocytosis into hepatoma cells regardless of the type of nucleic acids they synthesized (Figure [6](#advs1049-fig-0006){ref-type="fig"}A,B). The transfection efficiency of the plasmids was detected after nanocarrier‐mediated internalization. The RT‐PCR results demonstrated that the relative miR‐125b‐5p expression level was significantly higher in the miR‐125b‐5p group HCCLM3 and HUH7 cells than in the Negative and Blank Control groups (*P* \< 0.01, Figure [6](#advs1049-fig-0006){ref-type="fig"}C). The RT‐PCR and western blotting results revealed that the STAT3 expression level was significantly downregulated in the miR‐125b‐5p‐overexpressing nanomedicine‐transfected cells compared with that of the control groups (Figure [6](#advs1049-fig-0006){ref-type="fig"}D,E). These performances indicate that after internalization into tumor cells, the ultimate therapeutic effect of the nanomedicine depends on the function of the loaded nucleic acids.

![Folate‐conjugated, SPION‐containing, and miR‐125b‐5p‐loaded nanomedicines can simultaneously achieve intelligent recognition, MRI imaging, and gene regulation of hepatoma cells in vivo. A) After 1 h of incubation with various Fe dosages of superparamagnetic iron oxide nanoparticle (SPION)‐containing nanomedicines, the MRI T2 signal intensity of labeled HCCLM3 and HUH7 cells was reduced as the Fe concentration increased. The nanomedicines contain the sensitive MRI contrast agent SPION, which is the reason for the hypointense MRI T2 signal. B) In situ laser confocal microscopy fluorescence images indicating endocytosis of nanomedicines into hepatoma cells. The nanomedicines were provided in the culture medium with an Fe concentration of 20 µg mL^−1^. These results confirmed that the miR‐125b‐5p or Negative Control miR plasmids (red) were transported successfully into the cytoplasm of the HCCLM3 and HUH7 cells accompanied by the folate‐conjugated MRI‐visible nanocarrier (green). (Blue, 4′,6‐diamidino‐2‐phenylindole (DAPI) indicating nuclei; red, POPO‐3 indicating plasmid; green, Oregon Green 488 indicating nanocarrier). C) The miR‐125b‐5p expression level in HCC cells after treatment with nanomedicines containing miR‐125b‐5p or Negative Control miR plasmids detected by the RT‐PCR assay. D) The STAT3 mRNA expression level in HCC cells detected after treatment with nanomedicines containing different plasmids. E) The STAT3 protein expression level after treatment with different nanomedicine detected by western blotting assay. The miR‐125b‐5p‐loaded nanomedicine can improve the quantity of miR‐125b‐5p in hepatoma cells and thus effectively inhibit the expression of the downstream target protein STAT3. F) The therapeutic effect of nanomedicines on tumor growth was observed in the HCCLM3 and HUH7 subcutaneous HCC models. The volumes of the subcutaneous tumors were measured after treatment, and tumor growth curves were obtained to represent the tumor growth rates in the different groups. G) Representative images obtained by MRI T2 scanning after injection of nanomedicines containing different plasmids and SPION on day 30. Compared with that of the Blank Control group injected with PBS, the tumor regions of the nanomedicine treatment groups (miR‐125b‐5p and NC groups) were detected as strongly hypointense areas in the T2‐weighted images. Compared with those of the Negative Control and Blank Control group, the tumor size of the miR‐125b‐5p group was intuitively reduced. The yellow arrows indicate the location of the tumor regions. H) At the end of the treatments, the subcutaneous tumors of the indicated groups were harvested, and the tumor sizes were measured directly. The tumor size data obtained by direct observation support the tumor growth curve and MRI detection results. I) After injection with different nanomedicines or PBS, subcutaneous tumor nodules were harvested for pathological study. Prussian blue iron staining was used to observe the amount of Fe internalized into the in vivo HCC cells with the SPION‐containing nanomedicines. The blue staining indicates that the iron in the SPION has been stained and positioned. The trend in the Fe content in HCC cells was consistent with the trend of the MRI T2 scan signals. The yellow arrows indicate the location of the blue staining regions. Data are representative of 3 (in vitro) or 12 (in vivo) independent experiments as the mean ± SD, and statistical significance was determined as \**P* \< 0.01.](ADVS-6-1801885-g006){#advs1049-fig-0006}

After confirming that nanomedicines have a high targeting distribution function and that the miR‐125b‐5p/STAT3 axis has a regulatory effect in vitro, we introduced a subcutaneous transplantation HCC model to investigate whether nanomedicines could achieve a therapeutic effect in vivo. First, the tumor volume data showed that after miR‐125b‐5p nanomedicine treatment, the growth rate of the subcutaneous tumor was significantly blocked compared with that of the control groups regardless of whether the tumors originated from HCCLM3 or HUH7 cells (Figure [6](#advs1049-fig-0006){ref-type="fig"}F, *P* \< 0.01). To observe the in vivo duration time of nanomedicines, we checked the concentration of fluorescent labeled FaPPS/miR‐125b‐5p and FaPPS/NC miR from blood after single tail‐vein injection, by determining the fluorescence intensity of the blood at different postinjection time points. The results indicate that the in vivo distribution patterns of the two nanomedicines are similar. For instance, at the time point of 6 h, nearly 50% of the nanomedicines were cleared from blood. Moreover, only less than 5% of the nanomedicines were remained after 24 h (Figure S4, Supporting Information). Additionally, we performed an MRI T2 scan after single tail‐vein injection of nanomedicines and compared the results with those of the Blank Control group injected with PBS. The tumor regions of the nanomedicine treatment groups were detected as strongly hypointense areas in the T2‐weighted images. The imaging results confirmed that regardless of which plasmid was involved, the SPION‐containing nanomedicines achieved an effective in vivo distribution of hepatoma cells (Figure [6](#advs1049-fig-0006){ref-type="fig"}G). At the same time, real‐time and noninvasive monitoring was achieved for the treatment response and volume changes in the tumor nodules during in vivo treatment. If nanomedicines, such as the NC group, do not exhibit antitumor effects during the treatment course, this technology can guide doctors to change the therapeutic nucleic acids contained in the nanomedicines in a timely manner.

Next, we harvested the subcutaneous tumor nodules for direct observation and pathological examination. The tumor size data obtained by direct measurement (Figure [6](#advs1049-fig-0006){ref-type="fig"}H) were consistent with the tumor growth curve (Figure [6](#advs1049-fig-0006){ref-type="fig"}F) and the results obtained from the MRI tumor imaging experiments (Figure [6](#advs1049-fig-0006){ref-type="fig"}G). Furthermore, to directly verify whether the MRI signal changes reflected the aggregation of Fe‐containing nanomedicines in the tumor tissue, we performed a Prussian blue staining experiment on the tissue sections. The blue staining of the tumor cells was significantly stronger in the two nanomedicine treatment groups than in the Blank Control group. The results indicated that the distribution of SPION‐containing nanomedicines was positively correlated with the trend in the MRI T2 signal (Figure [6](#advs1049-fig-0006){ref-type="fig"}I). Nevertheless, compared with that of the Blank Control group, the NC miR‐containing nanomedicine increased the iron content and decreased the MRI T2 signal in vivo but did not produce a therapeutic effect in terms of inhibition of tumor growth. This finding indicated that after effective distribution of the tumor in vivo, the therapeutic effect of the nanomedicine was determined by the loaded therapeutic genes.

2.7. In vivo HCC Therapeutic Effect and Mechanism of miR‐125b‐5p‐loaded Nanomedicine {#advs1049-sec-0090}
------------------------------------------------------------------------------------

Although a subcutaneous tumor model can directly show the in vivo inhibitory effect of nanomedicines on tumor, a liver orthotopic model can better mimic the growth environment and blood supply of HCC nodules. To investigate the in vivo therapeutic effect and mechanism of miR‐125b‐5p‐loaded nanomedicine, we established a liver orthotopic tumor model. As shown in **Figure** [**7**](#advs1049-fig-0007){ref-type="fig"}A, after nanomedicine treatment, the orthotopic tumor in the miR‐125b‐5p group was significantly smaller than that in the control groups. The results were consistent with those from studies of subcutaneous transplanted tumor models. To investigate whether the inhibitory effect of nanomedicines on in vivo tumors was caused by regulation of the miR‐125b‐5p/STAT3 axis, the miR‐125b‐5p and STAT3 expression levels were detected by RT‐PCR, immunohistochemistry (IHC), and western blotting assays. After treatment with the miR‐125b‐5p‐loaded nanomedicine, the relative miR‐125b‐5p expression level was significantly elevated but the STAT3 expression level was decreased in the HCCLM3 and HUH7 tumors compared to that of the control groups (*P* \< 0.01, Figure [7](#advs1049-fig-0007){ref-type="fig"}A--D).

![Inhibitory effect and biological mechanisms of miR‐125b‐5p‐loaded nanomedicines on hepatoma EMT/CSC were verified using an orthotopic liver tumor model. A) 1st panel, representative optical imaging of the liver showing orthotopic tumors after treatment in the different groups; 2nd panel, quantity of STAT3 protein determined by the immunohistochemistry (IHC) assay; 3rd and 4th panels, in vivo HCC angiogenesis abilities or CSC ratios measured by the CD34 microvessel density (MVD) staining assay or CD133 immunofluorescence staining assay (Blue, DAPI indicating nuclei; red, CY5 indicating CD34 protein; green, FITC indicating CD133 protein); 5th panel, quantity of β‐Catenin protein determined by the IHC assay. B) The miR‐125b‐5p expression levels in liver orthotopic tumor tissues detected by the RT‐PCR assay. C) Relative mRNA quantities of STAT3, epithelial markers (E‐cadherin and α‐Catenin), mesenchymal markers (Vimentin, Fibronectin, MMP2, MMP9, SNAIL, and SLUG) and CSC markers (NANOG and OCT4) in liver orthotopic tumor tissues were detected by the RT‐PCR assay. The expression levels were normalized to the expression levels of the Blank Control tissues. The pseudocolour represents the intensity scale for indicated groups, calculated by log~2~ transformation. D) The STAT3 and β‐Catenin protein expression levels in the indicated groups of tumor tissues were detected by western blotting assay. The results showed that the STAT3 and β‐Catenin expression levels in the HCC tissues decreased significantly together with the increase in miR‐125b‐5p after treatment with the miR‐125b‐5p‐loaded nanomedicine therapy. E) Western blotting assay showing the protein expression levels of EMT markers in tumor tissues. F) The protein expression levels of CSC markers in HCC tissues were detected by the western blotting assay. The results showed that because of the changes in the miR‐125b‐5p/STAT3 axis caused by the miR‐125b‐5p‐loaded nanomedicine therapy, the in vivo EMT process and stemness property of the in vivo HCC cells were inhibited significantly. The expression levels were normalized to the expression level of Blank Control tissues. The data are representative of 12 independent experiments as the mean ± SD, and statistical significance was determined as \**P* \< 0.01.](ADVS-6-1801885-g007){#advs1049-fig-0007}

In agreement with the in vitro angiogenesis study, the hepatoma angiogenesis potential detected by the microvessel density (MVD) assay also significantly decreased with the increase in the miR‐125b‐5p quantity (Figure [7](#advs1049-fig-0007){ref-type="fig"}A). Studies of closely related EMT markers have shown that the EMT process in vivo is also significantly inhibited by miR‐125b‐5p‐loaded nanomedicine therapy. The determination of EMT marker proteins closely related to angiogenesis showed that the EMT process in vivo was significantly affected by the changes in the miR‐125b‐5p/STAT3 axis according to nanomedicine treatment. After treatment with the miR‐125b‐5p‐loaded nanomedicine, the epithelial markers E‐cadherin and α‐Catenin were upregulated but the mesenchymal markers Vimentin, Fibronectin, MMP2, MMP9, SNAIL, and SLUG were downregulated in the HCCLM3 and HUH7 tumor tissues, as determined by RT‐PCR and western blotting assays (Figure [7](#advs1049-fig-0007){ref-type="fig"}C,E, *P* \< 0.01). This finding proved that the EMT process in vivo was almost completely blocked by the miR‐125b‐5p‐loaded nanomedicine compared with that in the control groups.

In vivo tumor growth and the EMT process are likely regulated by cancer stem cells. To clarify the mechanism underlying the above mentioned in vivo inhibitory effects on HCC, we conducted a series of CSC detection assays. The immunofluorescence assay of tumor slices showed that the proportion of CD133‐positive HCC cells in the tumor tissues was remarkably negatively correlated with the quantity of miR‐125b‐5p (Figure [7](#advs1049-fig-0007){ref-type="fig"}A). CD133 is a proven marker of HCC stem cells. CD133^+^ HCC cells were confirmed to have strong tumor angiogenesis ability and were closely related to malignant phenotypes, such as invasion, metastasis, and drug resistance in vivo. The expression levels of CSC markers (NANOG and OCT4) further confirmed the changes in HCC stemness caused by nanomedicine therapy. The expression levels of CSC markers were reduced significantly, which was accompanied by an increase in the miR‐125b‐5p quantity in HCC tissues (Figure [7](#advs1049-fig-0007){ref-type="fig"}C,F, *P* \< 0.01).

In previous in vitro experiments (Figure [5](#advs1049-fig-0005){ref-type="fig"}), stemness was found to be regulated by the wnt/β--Catenin pathway in miR‐125b‐5p group hepatoma cells. Therefore, after discovering that the EMT and stemness of hepatoma cells in vivo were inhibited by the miR‐125b‐5p‐loaded nanomedicine, we evaluated the β‐Catenin protein quantity in the tumor tissues. The results showed that the quantity of β‐Catenin was decreased in the tumor tissues of the miR‐125b‐5p group compared with that of the control groups (Figure [7](#advs1049-fig-0007){ref-type="fig"}A,D).

In summary, we monitored the in vivo effective distribution of miR‐125b‐5p‐loaded nanomedicine in subcutaneous tumor tissues by MRI T2 scanning. Furthermore, in an orthotopic liver tumor model, we demonstrated that this nanomedicine remarkably increased the miR‐125b‐5p quantity in the tumor tissues, which in turn inhibited the growth, EMT, and stemness of HCC cells in vivo. Our findings were also supported by the detection of EMT and CSC markers. The inhibition of the EMT and stemness by the miR‐125b‐5p‐loaded nanomedicine may be due to inhibition of STAT3 expression, resulting in a decrease in wnt/β‐Catenin pathway activity. In HCC cells, when the quantity of STAT3 is decreased, the phosphorylation and hydrolysis of β‐Catenin are intensified; thus, entry of β‐Catenin into the nucleus is decreased, and the wnt/β‐Catenin pathway activity eventually decreases.

3. Discussion {#advs1049-sec-0100}
=============

Despite significant advances in cancer diagnostics and treatment, HCC leads to the deaths of more than 781 631 people every year worldwide.[1](#advs1049-bib-0001){ref-type="ref"} Currently, treatment for advanced HCC mainly depends on the synergistic effect of combining surgical and adjuvant therapy. Conventional treatments for HCC patients, such as liver resection, transplantation, and chemotherapy, have shown limited efficacy due to the high metastatic and growth rates. As a result of the relatively asymptomatic nature, the advanced stage at the time of diagnosis and the indefinite pathogenic mechanisms, HCC is the most common digestive malignancy worldwide despite the development of various therapeutic strategies. Accordingly, an urgent and essential aim in the struggle with HCC is to achieve a better understanding of the mechanisms responsible for the disease and to develop relevant and more effective treatments. The cancer stem cell model has provided new insights into the growth and metastasis of HCC. CSC are cancer cells that are capable of self‐renewal and have a long‐term repopulation property. Because they are important intermediaries of cancer proliferation, invasion, metastasis, drug resistance, and recurrence, their suppression may lead to improvement of treatment outcomes and patient survival. Over the last decade, the role of the EMT in the invasion and metastasis of HCC has gained broader attention. This multistep versatile procedure has led to a genotype interchange from an epithelial to a mesenchymal cellular state. The EMT has been confirmed to be closely related to activation of CSC in tumor tissues. Additionally, CSC are plastic and are associated with both epithelial state and mesenchymal state. Consequently, exploring the molecular switches that control EMT evolution and CSC function is crucial for developing clinically applicable anti‐HCC medicines.

In this study, clinical specimens were analyzed and in vitro experiments were performed to confirm miR‐125b‐5p as a possible gene therapy target for HCC by inhibiting both the EMT and CSC. Current research on the status of miR‐125b‐5p in HCC is very limited. Using microarray detection of seven pairs of HCC and matched nontumor tissues, Zhu et al found that miR‐125b‐5p might be expressed at a low level in HCC.[25](#advs1049-bib-0025){ref-type="ref"} Shimagaki et al. analyzed 694 clinical specimens and proved that a low quantity of miR‐125b‐5p in tumor specimens was associated with elevated early recurrence and reduced overall survival of patients after curative HCC resection.[14](#advs1049-bib-0014){ref-type="ref"} Conversely, Giray et al found that the serum miR‐125b‐5p level was higher in 20 HCC patients than in normal subjects.[15](#advs1049-bib-0015){ref-type="ref"} However, these studies did not explore the mechanism of miR‐125b‐5p quantity changes, and the limited preliminary studies are not sufficient to explain the role of miR‐125b‐5p in HCC.

Previous studies have found that the actual role of miR‐125b‐5p in different tumor cells may depend on various target proteins. For example, miR‐125b‐5p inhibits breast cancer by targeting KIAA1522,[16](#advs1049-bib-0016){ref-type="ref"} suppresses esophageal squamous cell carcinoma by regulating HMGA2,[26](#advs1049-bib-0026){ref-type="ref"} enhances the chemotherapy sensitivity of gallbladder cancer by downregulating Bcl2,[33](#advs1049-bib-0033){ref-type="ref"} and selectively targets IRF4 in multiple myeloma cells.[34](#advs1049-bib-0034){ref-type="ref"} In colorectal cancer, it was even reported that CXCL12/CXCR4 axis induced miR‐125b promoted EMT.[35](#advs1049-bib-0035){ref-type="ref"} However, in this study, we did not notice the coexpression of miR‐125b with CXCL12/CXCR4 axis in HCC. Although some studies have suggested that miR‐125b‐5p is associated with Ets1 in hepatoblastoma,[36](#advs1049-bib-0036){ref-type="ref"} as far as it is known, its target protein in HCC has not been reported. Further clarification of the molecular biological changes induced by miR‐125b‐5p in hepatoma cells is very important to confirm its inhibitory effects on HCC and develop related therapeutic methods. We predicted that STAT3 might be the target gene of miR‐125b‐5p through bioinformatics analysis. Then, a series of experiments confirmed that STAT3 was the key target protein in the process by which miR‐125b‐5p inhibited the growth, EMT, and CSC of HCC cells and that activation of the miR‐125b‐5p/STAT3 axis effectively reversed the EMT process and inhibited the stemness potential. In addition to STAT3, Smad4 is also predicted as a nonconservative target of miR‐125b‐5p and had been reported associating with EMT and CSC in HCC previously.[37](#advs1049-bib-0037){ref-type="ref"} Indeed, we did notice that miR‐125b‐5p inhibited Smad4 expression in HUH7 cells but not in HCCLM3 cells. And restoration of the expression of Smad4 rescued the inhibitory roles of miR‐125b‐5p to a much lower level compared with restoration of STAT3 (data not shown). Hence, miR‐125b‐5p attenuates EMT and CSC preferring via inhibiting STAT3. To date, few reports have investigated the relationship between miR‐125b‐5p and STAT3 in malignant tumors. Nevertheless, the function of miR‐125b‐5p is related to STAT3 in some benign cells. For instance, in Vγ2Vδ2 T cells from tuberculosis patients, an increase in miR‐125b‐5p is related to impairment of STAT3.[38](#advs1049-bib-0038){ref-type="ref"} In gangliocytes, miR‐125b‐5p regulation of STAT3 is related to a neuropathic pain phenotype.[39](#advs1049-bib-0039){ref-type="ref"} Interestingly, in the neural stem cell line C17.2, miR‐125b‐5p promotes cell differentiation into neurons by regulating STAT3 protein expression via binding to the first site in the *STAT3* 3′ UTR.[40](#advs1049-bib-0040){ref-type="ref"} This result suggests that STAT3 is associated with stemness, which is somewhat similar to our finding that the miR‐125b‐5p/STAT3 axis regulates the activity of HCC stem cells. STAT3 has been reported to be intimately associated with β‐Catenin‐mediated EMT potential and CSC activity in various malignancies.[41](#advs1049-bib-0041){ref-type="ref"}, [42](#advs1049-bib-0042){ref-type="ref"} These results raised our interest concerning whether the miR‐125b‐5p/STAT3 axis produced the EMT and CSC inhibition through β‐Catenin in hepatoma cells. Furthermore, we proved that activation of the miR‐125b‐5p/STAT3 axis promoted the phosphorylation and hydrolysis of β‐Catenin, resulting in suppression of wnt/β‐Catenin pathway activity, which ultimately produced the aforementioned therapeutic effects on hepatoma cells. The potential of miR‐125b‐5p as a therapeutic target for HCC has been fully demonstrated.

After the function and mechanism of the inhibition of hepatoma cells has been fully demonstrated, the best method to produce miR‐125b‐5p as a drug available for in vivo treatment becomes an important issue. In vivo delivery of naked miRNA is a challenge, because miRNAs are quickly degraded by nucleases and cleared via renal excretion. In addition, their hydrophilous characteristics and electronegativity prevent their ability to cross cell membranes.[18](#advs1049-bib-0018){ref-type="ref"} Traditionally, in vivo delivery systems for nucleic acids are classified as viral and nonviral vectors. Although viral vectors offer solutions for gene therapy, biosafety concerns have uncovered risks due to immune responses, insertional mutagenesis, generation of replication competent viruses, vector mobilization, and inadvertent transduction of nontarget cells.[43](#advs1049-bib-0043){ref-type="ref"} One approach used to overcome the predicament of miRNA therapy is based on nonviral nucleic acid nanocarriers.

Recently, polymeric carriers have become popular for in vivo nucleic acid delivery in an attempt to enhance cellular uptake and pharmacological effectiveness and reduce toxicity. Thus, these carriers have emerged as novel nanomedicine platforms for anticancer nucleic acids or contrast medium delivery.[43](#advs1049-bib-0043){ref-type="ref"}, [44](#advs1049-bib-0044){ref-type="ref"}, [45](#advs1049-bib-0045){ref-type="ref"}, [46](#advs1049-bib-0046){ref-type="ref"} Decoration with specific ligands or antibodies[47](#advs1049-bib-0047){ref-type="ref"} enables nanomedicines to recognize molecular signatures on the cell membrane for high efficiency in vivo recognition of cancer cells. Folate has been widely used as an ideal ligand for drug transmission nanocarriers to promote identification of HCC cells.[43](#advs1049-bib-0043){ref-type="ref"}, [44](#advs1049-bib-0044){ref-type="ref"}, [45](#advs1049-bib-0045){ref-type="ref"}, [46](#advs1049-bib-0046){ref-type="ref"}, [48](#advs1049-bib-0048){ref-type="ref"} We developed a folate‐conjugated nanocarrier (FaPPS) that achieved the in vivo delivery of therapeutic nucleic acid into hepatoma cells successfully in our previous study. Due to surface modification of folate, this nanocarrier has achieved efficient identification and gene transfer into hepatoma cells while avoiding transfection of normal cells and successfully reducing in vivo toxicity. At the same time, because it contains the sensitive MRI contrast agent SPION, the distribution process of this nanocarrier can be traced in vivo.[19](#advs1049-bib-0019){ref-type="ref"} In the present study, we utilized this nanocarrier for specific in vivo delivery of an miR‐125b‐5p plasmid to achieve inhibition of the EMT and CSC in hepatoma cells.

In the subcutaneous HCC model, we confirmed that the miR‐125b‐5p‐loaded nanomedicine enabled precise in vivo transfection of the miR‐125b‐5p plasmid and activation of the miR‐125b‐5p/STAT3 axis in hepatoma cells through RT‐PCR assay, western blot assay, and tumor growth curve assays. We also confirmed that this nanomedicine platform could achieve real‐time monitoring of therapeutic effects noninvasively in the treatment of cancer via the sensitive MRI imaging produced by SPION. This feature can help physicians easily observe the effects of gene therapy at any time and then individually adjust the treatment regimen. If the nanomedicine fails to produce the desired therapeutic effect (e.g., Figures [6](#advs1049-fig-0006){ref-type="fig"}F and [7](#advs1049-fig-0007){ref-type="fig"}A, Negative Control group), then doctors can replace another therapeutic gene in a timely manner (e.g., miR‐125b‐5p group). In the orthotopic HCC model, we used the aforementioned miR‐125b‐5p‐loaded nanomedicine to activate the miR‐125b‐5p/STAT3 axis of hepatoma cells and reduce wnt/β‐Catenin pathway activity, which realized the expected EMT and CSC in vivo inhibition functions.

4. Conclusions {#advs1049-sec-0110}
==============

In this study, clinical specimens were analyzed, and in vitro experiments were conducted to confirm that the miR‐125b‐5p/STAT3 axis could inhibit the invasiveness, migration, and stemness of HCC via the wnt/β‐Catenin pathway. Then, a folate‐conjugated nanocarrier loaded with an miR‐125b‐5p plasmid was designed as an intravenous genetic drug. After intravenous injection of the nanomedicine, high‐efficiency in vivo gene therapy and EMT/CSC inhibitory effects were achieved. The results suggest that we should develop an MRI‐visible nanomedicine platform that can achieve noninvasive therapeutic effect monitoring and timely individualized treatment course adjustment.

5. Experimental Section {#advs1049-sec-0120}
=======================

Information regarding the following aspects of this study is available in the Supporting Information: patient studies, western blotting assay, RT‐PCR assay, plasmids, nanomedicine synthesis and characterization, cell culture, MTT assay, flow cytometry analysis, anchorage‐independent growth ability assay, colony formation assay, MRI scanning, liver orthotropic or subcutaneous tumors, blood concentrations analysis of nanomedicines, luciferase reporter assay, and statistical analysis.
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